According to classical markers, France has been reported to be regionally heterogeneous. Here, we propose to test the homogeneity of the French mitochondrial gene pool by analysing D-Loop and coding regions polymorphisms in 210 individuals stemming from five regions. The data set obtained was also used to test the ability of mitochondrial DNA to detect well historically established admixtures (admixtures between British/Irish people and native Breton people in our case). For these purposes, the sampling procedure was subject to special care, concerning the individuals' geographical origin and maternal pedigree. The mtDNA analysis revealed some regional specificities in haplogroup distribution, which is discussed in terms of successive settlements of France. Statistical analyses were conducted to investigate mtDNA diversity and structure within and between British, Irish and French groups. They tended to show affinities between Morbihan region and Britain plus Ireland. Furthermore, genetic evidences were in line with the fact that Morbihan region results from an admixture event, agreeing with historical evidences of successive migrations from Britain and Ireland into Brittany. These results also tended to outline the fact that two geographically very adjacent samples (Morbihan and Finistère), sharing a cultural and linguistic area, can present a distinct genetic pattern. Although mtDNA analyses were able to identify a historically reported admixture event, we point out here the high influence of the sampling procedure and representativeness over the migrations hypothesis. We also underline the importance of regional sampling for studies on the spread and/or origin of specific European haplogroups (here U5a1a and U8).
Introduction
The mitochondrial DNA has revealed to be a useful tool for studying the human settlement of different European regions, 1 as well as for studying population migrations inside the subcontinent. 2 Nevertheless, the successive Europe settlements have often been deduced from imprecise samples, usually collected from geographically broad regions, without taking into account regional diversities. This is particularly the case for the French regions that our paper deals with. The French territory is centrally located in Western Europe: particularly, it links Northern Europe to the Mediterranean and Iberian areas. Certainly, this peculiar geographic localisation had a strong impact on the human settlement processes as well as on the genetic structure of settled human populations. Nevertheless, the French mitochondrial gene pool remains poorly described and has almost solely been explored with a forensic point of view. 3, 4 In this way, although previous studies concerned relatively numerous individuals (n ¼ 185 in all), those were not regionally localised, and were only surveyed for polymorphisms in their D-Loop. Also, diagnostic RFLPs from coding regions were neglected, albeit crucial for haplogroup discussion. These lacking elements make these published data difficult to be used for further studies of the human settlements of France. Moreover, this lacking information could represent a potential distorting factor in research on the settlement of Europe, especially considering that studies of blood genetic markers have revealed a great inter-regional variability of French populations, 5 and complex migratory Prehistory and History. 6 The results of these studies outlined the importance of precise geographical information for samples analysed through genetic studies, in order to map the migratory patterns precisely. In order to point out the importance of sampling strategies information in human settlement of France, we report mitochondrial data that can be more properly used in this prospect. Features of the sampling procedure allowed us (i) to test the inter-regional genetic homogeneity of the French mitochondrial gene pool and its implication on potential ancient population movements; (ii) to test the ability of mtDNA in detecting admixture events that are unquestionably established by History and previously detected by classical markers data analyses. 6 
Material and method
Subjects and sampling procedure Our sample consisted of 210 maternally unrelated volunteers, originating from five French locations ( Figure 1 ). The sampled area in each region was about 2000 km 2 . Most of the selected subjects were born in the first part of the 20th century, and pedigree investigations were conducted over the last three (for about 50% of the subjects) or more generations to confirm the regional maternal origin of sampled individuals. These considerations should minimise genetic disruptions related to population movements inside the French territory, movements that became important on and after the 19th century (but that can be neglected for earlier periods). 7 Moreover, because big towns and coastal belts are known to have been more implicated in population movements than the rural ones, we verified that the oldest known ancestor of selected subjects originated from rural and noncoastal parts of the region. Then, disruptions related to potential gene flows, anterior to the oldest known ancestor birth, should also be minimised. In order to test the impact of historical migrations on the mtDNA pool of Brittany, we included previously published European data (see Figure 1 ).
mtDNA extraction and genotyping DNA was extracted from peripheral blood mononuclear cells or hair roots as described elsewhere. 10 Hypervariable segments (HVS-1 and HVS-2) of the control region were simultaneously amplified by PCR using either L16025 and Table 1 ). Our method was tested on samples previously typed by enzymatic restriction and sequencing, and the results were strictly reliable between the three methods. It was strictly reproducible, cheaper than sequencing and faster than enzymatic restriction method; moreover, it does not depend on specific endonucleases. Thus, this method could be extended advantageously to other diagnostic RFLP sites. As recommended, 12 polymorphisms appearing incongruent were double-checked by amplification, sequencing and/or enzymatic restriction. In this way, we amplified and sequenced HVS-1 and HVS-2 twice in both senses in the case of individuals included in haplogroup H and not presenting 00073 G to A transition, or included in haplogroup U with a 00073 A transition. In these cases, the state of sites 7028 and 12308 was also double-checked. Also, deletions and/or insertions, and haplotypes with unusual polymorphism patterns were double-checked.
Statistical analysis
The DNA sequences alignments and haplotype identification were conducted as in Mogentale-Profizi et al 10 using
CLUSTAL X 1.81 13 and MEGA 2.0. 14 To maximise the number of British populations in comparison with French data, statistics and analysis were conducted on HVS-1 sequence between sites 16090 and 16365. Statistical analysis focused on historical movements that led to the constitution of the present-day Breton mtDNA gene pool.
The population genetic structure of the potentially implicated regions was analysed through AMOVA 15 using Arlequin 2.000 package. 16 Taking into account the historical framework, AMOVA analyses were applied to different -but plausible -population groupings. Gene diversity (H) and nucleotide diversity (p n ) 17 were estimated. As samples from Britain and Ireland perceptibly were less diverse than French ones, these statistics were used in a bivariate analysis in order to detect a potential effect on Breton diversities. We also report the estimated mean number of pairwise differences (MNP).
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Results
Molecular data
The mtDNA polymorphisms found in the D-Loop analysis of the French samples, along with the status of the samples at nps 16519 and at the typed diagnostic restriction sites, Typing nps 4580 C* corresponds to the created cytosine mismatch. Three primers were manually designed for the typing of each of these two sites, the first one being used in both PCR, the second being designed to match the state corresponding to Anderson et al's 11 reference, and the third being designed to match the derived state. Two amplifications were then conducted: the first amplification working only when the nucleotide state is identical to Anderson et al's 11 reference, the second one working only when the nucleotide state is derived. In order to obtain more specific and stringent PCR conditions, primers Tm were chosen in order to allow high annealing temperature, and a mismatch was created at the primer extremity.
mtDNA diversity in France V Dubut et al are reported in Supplemental Material. Seven individuals were found to be heteroplasmic. Six of them present one heteroplasmy at nps 16093. This observation is the somatic manifestation of the particularly fast mutation rate of this site, previously demonstrated in human pedigrees studies and evolutionary analyses. 19, 20 The haplogroup frequencies observed in each sample are summarised in Table 2 23 of French Haplogroup U5a1. Two Norman haplotypes (CB26 and CB33) and one haplotype from Morbihan (BM39) present the derived state at nps 16399, but lack the reversion at nps 16192. Although position 16192 is known to exhibit a high substitution rate, the occurrence of three mutations at this site, on the same lineage and over 24 300 years (the lower limit of the Confidence Interval of the estimated age of haplogroup U5a1) 9 is unlikely. They thus have been grouped into haplogroup U5a1a#. mtDNA diversity in France V Dubut et al highest variation among groups (0.46%) and the lowest variation within groups (0.26%), associated with the strongest significance (respectively, P ¼ 0.00489 and 0.00098). Gene diversity, nucleotide diversity and MNP of the studied samples are reported in Table 4 . Correlation tests demonstrated that the sample sizes have no influence either on the nucleotide diversity or on the gene diversity (data not shown). On the other hand, we could demonstrate a strong correlation between both diversities (R 2 Pearson ¼ 0.7586, P ¼ 0.001; Figure 3 ). The sample from Morbihan exhibits an intermediate position between samples from the British/Irish Isles and samples from the continent, especially according to its gene diversity. Moreover, its nucleotide diversity appears relatively higher compared with its gene diversity.
Discussion
Although our French samples could not be statistically differentiated by their haplogroup frequencies, each one harbours some qualitative and quantitative peculiarities that may reflect a rather different history. Albeit located in a region considered to have been largely affected during Neolithic, 24 the sample from Var exhibits a pattern that does not appear to have been genetically influenced by potential 'Neolithic waves' from the Near East. This observation could be the consequence of human demo- Figure 3 Bivariate analysis of H and p n (abbreviations as in Figure 1 ). 26, 27 detected a re-expansion of populations from the south-western Europe to north-eastern Europe after the last glacial maximum (LGM). Albeit the postglacial re-expansion undoubtedly concerned French regions because of their immediate proximity, haplogroup V appeared to be very rare in our samples and absent from Périgord-Limousin (although this region is included in the northern part of the refugium formed during the LGM). Thus, we postulate that the traces of the re-expansion have been at least partially erased by posterior migrations, on and/or after the Mesolithic period. The relatively great Neolithic component (see above) in this region could partially explain the erasure of immediate postglacial pattern. Brittany was affected by well-established historical migrations from Britain and Ireland. Earliest massive historical migrations from Britain occurred during the fourth century, involving about 40 000 individuals. Those migrations essentially concerned soldiers, women being largely in minority. 28 A second migration wave occurred during the sixth and seventh centuries, involving this time a real settlement from Britain in Brittany, the immigrants becoming numerous inside native Continentals. 28 The (Figure 3 ): the gene diversity of population resulting from the admixture event should average gene diversities of parental populations, whereas the nucleotide diversity should tend to increase. Indeed, because the probability that two separated populations (even since a relatively short time) generated by mutation and/or fixed by drift the same alleles is low, the gene pool combination of these populations will result in a higher nucleotide diversity compared to the previous separated populations ones. Here, the nucleotide diversity of Morbihan is higher than the ones measured in insular populations and a nonlocalised French sample, and is quite high with regard to the gene diversity of the entire sample. Indeed, successive migrations of British/Irish populations (usually less diverse than the French ones, see Figure 3 and Our French study has also permitted to suggest information on the spread and/or origin of specific European haplogroups. This is the case of haplogroup U5a1a, for which the regional origin remains unclear, and that is reported to have differentiated very recently (between 2200 and 12 800 BP). 9 The fact that three different haplotypes Our results showed that the quality of the sampling procedure can act on the qualitative and quantitative results obtained from the analysis of mtDNA data. Dealing with recent migratory events, we could suggest that a sample better reflects the regional history when it is well localised geographically, and if it does take into account the individuals maternal ancestry. In this way, we can conclude that the previous nonlocalised French sample, used to represent the French population, is not suitable to reconstruct population flows into French territory. Owing to its heterogeneous migratory history, data from various regional samples are necessary to elucidate successive settlements of the French territory, and more generally, settlements of Europe. We can also conclude that precise regional sampling can permit the detection of dispersed or very localised haplotypes, and can help to better understand the phylogeographical history of some clusters (here U5a1a and U8). All together, these elements are essential for understanding the history of the European mitochondrial gene pool. Finally, studies dealing with other DNA markers would enrich and precise the picture given by mtDNA, allowing to access to paternal parameters (with Ychromosome polymorphisms) and to the resultant of the interaction of paternal and maternal gene pools (with autosomic markers). For instance, concerning Var, it would be interesting to test whether, contrary to mtDNA, the analysis of Y-chromosome polymorphisms would permit the detection of a Neolithic impact on the French Mediterranean coast.
